Acid-sensing ion channels (ASICs) play an important role in numerous functions in the central and peripheral nervous systems ranging from memory and emotions to pain. The data correspond to a recent notion that each neuron and many glial cells of the mammalian brain express at least one member of the ASIC family. However, the mechanisms underlying the involvement of ASICs in neuronal activity are poorly understood. However, there are two exceptions, namely, the straightforward role of ASICs in proton-based synaptic transmission in certain brain areas and the role of the Ca 2þ -permeable ASIC1a subtype in ischaemic cell death. Using a novel orthosteric ASIC antagonist, we have found that ASICs specifically control the frequency of spontaneous inhibitory synaptic activity in the hippocampus. Inhibition of ASICs leads to a strong increase in the frequency of spontaneous inhibitory postsynaptic currents. This effect is presynaptic because it is fully reproducible in single synaptic boutons attached to isolated hippocampal neurons. In concert with this observation, inhibition of the ASIC current diminishes epileptic discharges in a low Mg 2þ model of epilepsy in hippocampal slices and significantly reduces kainate-induced discharges in the hippocampus in vivo. Our results reveal a significant novel role for ASICs. This article is part of the themed issue 'Evolution brings Ca 2þ and ATP together to control life and death'.
Introduction
Acid-sensing ion channels (ASICs) represent a subfamily which belongs to the superfamily of ubiquitous epithelial sodium channel/degenerin ion channels (ENaC/Deg). ASICs have a unique feature: they open in response to rapid extracellular acidification. ASICs acquired this ability at a relatively late stage of phylogenetic development, starting from bony fishes onwards to mammals, humans inclusive [1] . Virtually any neuron, and many glial cells, in the mammalian brain have at least one (mostly ASIC1a) representative of ASICs. The ASIC1a subtype is predominantly expressed in the central nervous system and in contrast with other ASICs, which are permeable only to sodium ions, also conducts calcium ions [2, 3] . ASIC1a is activated at pH 6.9 with the amplitude of response growing with increased H þ concentration and saturating at pH 6.0. Such hypersensitivity of ASIC1a to proton concentration may provide a fast neuronal reaction to local acidification. This seemingly straightforward, though hypothetical, function of ASICs in the mammalian brain remains rather enigmatic as it is not connected with an explicit electrophysiological purpose so usual for other ion channels, where a certain ion current can be correlated with a given signalling function. The most recent finding is an important exclusion: ASICs have been found responsible for protonbased co-transmission in at least two regions of the brain (amygdala and nucleus accumbens [4, 5] ). However, currently, there is indirect evidence that functional ASICs are necessary for robust long-term potentiation (LTP) in the CA1/CA3 hippocampal areas [6, 7] .
Other observations indirectly suggest that ASICs are involved in numerous pathological states including epilepsy, multiple sclerosis, ischaemic disorders, traumatic brain injury, depression, spinal cord injury, inflammatory pain and headache, among others [8] [9] [10] [11] .
Recently, we have developed selective antagonist of ASICs, 2-oxo-2H-chromene-3-carboxamidine derivative 5b [6] . Compound 5b antagonizes ASICs with an apparent IC 50 of 27 nM when measured at pH 6.7, while at pH 5.0 its inhibition efficacy decreases by up to three orders of magnitude. The 5b molecule not only shifts pH-dependence of ASIC1a activation but also inhibits its maximal evoked response, suggesting that compound 5b binds to the pH sensor of ASIC1a and acts as orthosteric non-competitive antagonist. We demonstrated that at 100 nM compound 5b completely inhibits induction of LTP in CA3-CA1, supporting a crucial role of ASICs in hippocampal functioning.
Here we used compound 5b to further study the role of ASICs in the brain and, in particular, within hippocampal neuronal networks. The results presented in this paper demonstrate that ASICs are involved in the regulation of hippocampal neuronal activity via affecting spontaneous synaptic inhibitory signalling. This action on GABAergic neuronal activity may underlie the inhibitory effect of 5b on seizure generation, which we demonstrate in in vitro and in vivo models.
Results
In the first set of experiments, we used a whole-cell patch clamp technique to monitor spontaneous excitatory and inhibitory activity in the CA1 zone of the hippocampus of rat brain slices. Perfusion of hippocampal slices with 1 mM compound 5b did not lead to any changes in the frequency of spontaneous excitatory postsynaptic currents (sEPSCs, figure 1b): 1.45 + 0.25 Hz in control conditions versus 1.5 + 0.29 Hz with 5b (n ¼ 4, figure 1c,f ). The only visible effect was increased scattering of EPSCs (figure 1c). It was not due to any non-specific effect of compound 5b because the variance of antidromic action potential was not affected. A strikingly different picture was observed in the case of spontaneous postsynaptic inhibitory currents (sIPSCs, figure 1a) . In this case, administration of 1 mM compound 5b significantly increased the frequency of sIPSCs from 5.6 + 1.3 Hz under control conditions to 7.2 + 1.6 Hz with 5b (130 + 3.8%, n ¼ 9, p , 0.05, figure 1c,e). The amplitude distribution of sIPSCs was not affected by compound 5b (figure 1g).
In our previous paper, it was demonstrated that compound 5b at a concentration of 1 mM non-significantly suppressed the amplitude of the evoked N-methyl-D-aspartate (NMDA) current [6] . To eliminate a possibility that the increase in the frequency of sIPSCs may be the result of partial NMDA receptors blockade, we recorded sIPSCs in the presence of 10 mM D-(2)-2-amino-5-phosphonopentanoic acid (D-APV) to block NMDA channels. With the co-application of D-APV, the frequency of sIPSCs gradually decreased to 81.5 + 5% of control level (n ¼ 7, p , 0.03, figure 1d ). However, application of 1 mM compound 5b increased sIPSCs' frequency (up to 95 + 8% of control level, n ¼ 7, p , 0.06; figure 1d) which suggests that the alteration of sIPSCs' frequency by compound 5b is not NMDAR dependent.
The question arising is as follows: Is the effect of ASIC inhibition on sIPSC frequency due to changes in neuronal connectivity (i.e. a network effect) or is it caused by changes in the properties of a single synapse? We used the only available method of measuring spontaneous synaptic activity in a single neuron preparation [12] . This method allows recording of postsynaptic currents from isolated cells with preserved synaptic boutons. Figure 2 demonstrates the results. Mean frequency of sIPSCs (figure 2a) on isolated neurons in control conditions was 0.5 + 0.1 Hz. Application of 1 mM of compound 5b significantly increased the frequency of sIPSCs up to 174.1 + 25%, (n ¼ 11, p , 0.014, figure 2b) but did not affect the sIPSCs' amplitude distribution (figure 2c) as in the slice experiments. These experiments demonstrate that active ASICs regulate the frequency of spontaneous activity on the level of single inhibitory synapses. The model in which we obtained these data indicates the presynaptic nature of the observed changes in the frequency of sIPSCs.
Therefore, we could expect that 5b affects the paired-pulse ratio (PPR) of evoked inhibitory PSCs (eIPSCs), which is subject to presynaptic regulation. To test this hypothesis, we made PPR measurements in the presence of the NMDA antagonist D-APV to exclude the possibility of a non-specific action of compound 5b on NMDA. In our experiments, 10 mM D-APV did not affect eIPSCs (figure 3a) but increased PPR of eIPSCs measured at various intervals (figure 3c). This result is consistent with earlier observations [13, 14] . The most prominent effect was seen for PPR measured at a 50 ms interpulse interval (IPI) (132 + 4.8%, figure 3b,d ). Application of compound 5b returned PPR almost to control levels (50 ms IPI, 103 + 4.5%, p , 0.01, n ¼ 4; figure 3b) Next, we tested compound 5b in a low Mg 2þ model of epilepsy on horizontal rat brain slices. The mechanism of induction and maintenance of seizure-like activity (SLA) in the low Mg 2þ model has been extensively studied [15] [16] [17] [18] .
Detailed procedures of induction and analysis of SLA manifestation in the low Mg 2þ model of epilepsy used in our experiments has been described previously [19] . Kainate is a powerful pro-epileptic agent that is used to induce complex SLA in vivo, including hippocampal high-frequency activity in the g (20 -80 Hz) frequency band that evolves to complex spikes and ictal-like discharges [20, 21] .
In our experiments, injections of kainic acid into the hippocampus of urethane-anaesthetized rats (CA1 area) evoked electrographic SLA (figure 4b). Under these conditions, SLA appeared after the second kainate injection and lasted for at least 80 min. Each consecutive injection evoked similar SLA 
Discussion
ASICs are known to be involved in a wide range of neurophysiological and pathological processes, such as LTP, normal fear-related behaviour, learning and memory formation and nociception during inflammation [5, 7, [22] [23] [24] . ASICs are involved in the retinal response to light mediating the effect of acidic pH changes on neuronal signalling transformation of channel rhodopsins after light illumination [25, 26] . In the brain, ASIC1a activation causes Ca 2þ -dependent neuronal death during prolonged acidosis following ischaemia [24, 27] . Together with the recently found neurotransmitter role for protons in certain brain areas, which is based on the involvement of ASICs as postsynaptic receptors sensing rapid pH transitions [28] , this list, most probably incomplete, indicates the more than impressive role of ASICs in brain function, consistent with their ubiquitous presence in the brain tissue. In summary, the connection between the already known membrane functions of ASICs and numerous putative ASIC-dependent physiological processes remains unclear. The future challenge for research can be designated as follows: the role of ASICs in the course of brain functioning. There is currently no evidence, except synaptic transmission, that the activity of ASICs is correlated with propagation of bioelectric signals within neuronal networks.
Among the most obvious problems is the following: investigators lack the activity of ASICs which can be synchronized with evoked bioelectric signals. Using a novel ASIC antagonist, compound 5b, we attempted to elucidate a possible role of ASICs in shaping spontaneous activity of hippocampal tissue.
The novel antagonist has articulated pH-dependent action which is in contrast with the action of all previously known small molecules that are either allosteric or channel blockers [6] . Its use confirmed an existing paradigm: ASICs do not contribute either to the amplitude or to any other parameter of evoked signals in the hippocampus. The data on the crucial, though enigmatic, role of ASICs in maintaining LTP were previously confirmed; inhibition of ASICs by 5b leads to the failure of LTP [6] . The experiments with spontaneous EPSPs revealed no role for ASICs. The effect of an ASIC antagonist was found with spontaneous IPSPs; their frequency strongly increases when ASICs are inhibited. In other words, functional ASICs put a limit on the occurrence of inhibitory synaptic events in the hippocampal synaptic network. The question of whether this effect is hidden in network 'jungles' or is connected with the microscopic properties of the individual synapse was addressed by using an instrumental model of isolated cell-attached synaptosomes [12] . The experiments with individual synapses gave a clearcut answer: ASICs provide a regulatory role on the readiness of individual inhibitory synapses to fire. The data make one more conclusion almost inevitable: this effect of ASICs is presynaptic. The experiments with PPR demonstrating inhibition of paired-pulse facilitation by 5b (figure 3) further confirm this conclusion.
This result is in no way unexpected. Presynaptically located ASICs have been demonstrated in the hippocampus [29] . ASICs are modulated by the activation of g-aminobutyric acid receptors (GABA) in hippocampal neurons and, in turn, the activity of GABA receptors is also modulated by extracellular protons [30] . GABAergic inhibitory interneurons in the hippocampus have substantially larger ASIC current densities than glutamatergic pyramidal neurons [29, 31, 32] . However, the evidence operationally connecting GABA receptors and ASICs remains circumstantial. We have demonstrated in our previous paper that 5b does not alter GABA-evoked currents. Furthermore, 5b does not change the amplitudes of either evoked or spontaneous inhibitory currents. Considering these observations, it becomes clear that the locus of ASICs' effect on GABA release probability is presynaptic. The most probable (though still not established) mechanism of such a connection seems to be presynaptic inhibition. Consistent with the classical model of presynaptic inhibition by Eccles et al. [33] , ASICs may provide presynaptic inhibition by depolarization of the synaptic terminal. Considering the correspondence between presynaptic inhibition and depolarization of the primary afferent terminals [33] , it is proposed that presynaptic depolarization is responsible for the decrease of transmitter release. This inhibition of synaptic release could be due to voltage-dependent inactivation of the voltage-gated channels [34, 35] . For example, it was reported that kainate application decreases miniature IPSC frequency [36, 37] . Functional a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors have been demonstrated to inhibit release from the central terminals of some sensory neurons [38] .
The role of ASICs in epileptic seizure generation and termination is somewhat contradictory. Some authors connect the termination of seizures (intensive neuronal firing) with the following acidification of tissue and, as a result, activation of ASIC currents [32] . Other data demonstrate that bath perfusion of amiloride or PcTX1 decrease manifestation of low Mg 2þ seizures. It has also been reported that brain slices from the hippocampus of ASIC1a knockout mice demonstrate reduced sensitivity to low Mg 2þ o -induced or stimulation-evoked seizure activities [39] . To test these observations, we applied 5b on seizures evoked in hippocampal slices under low Mg 2þ conditions. Mg 2þ ions are responsible for the voltage-dependent block of NMDA channels and provide surface charge screening. Removal of Mg 2þ results in seizure-like discharges in hippocampal slices [19] . It is worth noting that the low Mg 2þ model of epilepsy is pharmacoresistant. However, importantly, epileptic discharges in this model are very sensitive to GABA modulators [40] . Application of the ASIC antagonist significantly and reversibly decreased the frequency of seizure manifestation, which supports the idea that ASICs affect the GABAergic hippocampal system. Our experiments with kainate-evoked SLA in CA1 cells of the hippocampus In summary, using a novel antagonist of ASICs, we demonstrate that these channels regulate the frequency of spontaneous inhibitory synaptic activity. It is necessary to determine how general is the role of ASICs in regulating inhibition in the brain. In any case, the ASIC -GABA operational connection is characteristic for brain areas other than the hippocampus [41 -43] and this may help to account for the expression of ASICs in the brain being so wide.
Materials and methods (a) Rat hippocampal slice preparation
Wistar rats (11 -14 days old) were anaesthetized with diethyl ether and then decapitated. Hippocampi were gently removed and cut into transverse slices (400 mm) with a vibrating slice cutter (Campden Instruments) in ice-cold artificial cerebrospinal fluid (ACSF). The cutting procedure was performed in gassed (95% O 2 /5% CO 2 ) ACSF that contained (in millimolar): 127 NaCl, 2. 
(b) Patch clamp recordings and data analysis
Immediately prior to recording, the slice was transferred to the recording chamber, which was continuously perfused at 328C at a rate 2.5 -3 ml * min 21 with gassed ACSF, which contained (in mM): 127 NaCl, 2. ; pH 7.4). The CA1 pyramidal cells were visually identified with an infrareddifferential interference contrast (IR-DIC) microscope (Olympus BX50WI) and captured with a CoolSNAP ES2 (CCD ICX285) video camera.
Spontaneous and evoked postsynaptic currents (sPSCs and ePSCs) were recorded from CA1 pyramidal cells using a patch clamp technique in a whole-cell configuration. Patch electrodes were fabricated from borosilicate glass capillaries of 1.5 mm outer diameter (Sutter Instruments, USA) using a programmable puller (P-97; Sutter Instruments, USA). The recording pipettes were filled with (mM): 117. 
To separate inhibitory and excitatory PSCs (typically throughout the entire experiment), different holding potentials were applied (V h ¼ 0 and V h ¼ 260 or 270 for inhibitory and excitatory PSCs, respectively).
Presynaptic stimulation for ePSCs was applied to the medial part of Shaffer collaterals using a twisted bipolar insulated tungsten stimulating electrode. The stimulation pulses were delivered at a test frequency of 0.05 Hz and test strength of stimulus pulse was adjusted to elicit ePSCs with an amplitude 30 -50% of maximal.
All recordings were performed using an RK-400 amplifier (BioLogic, France). Recordings and pre-processing of data were made with custom software written in LabVIEW 8.0 (National Instruments, USA) or with WinWCP ( University of Strathclyde, Glasgow, UK). The signals were typically low-pass filtered with a corner frequency (23 dB) of 3 kHz and sampled at 6 kHz.
Data analysis was performed with p-CLAMP (Molecular Devices, USA) and OriginLab 7 (OriginLab Corp., USA). Spontaneous PSCs were detected with a threshold of 5 -7 pA, depending on the noise level, and verified by eye. Kinetic analyses only included well-separated (inter-event intervals more than 40 ms), monophasic PSCs which appeared to rise in a monotonic fashion without visible deviation of the rising phase and which decayed exponentially. The rise and decay time courses of individual PSCs were estimated by curve fitting with the exponential function
where I(t) is the current as a function of time, A is the maximum amplitude of the event (determined as the maximum current of the selected event/response), t is the time constant and I ss is the steady-state current amplitude (typically zero). For double-exponential fitting, the equation was as follows:
where I(t) is the current as a function of time, A 1 and A 2 are the amplitudes of the first and second exponential components, respectively (A 1 is the amplitude at the start of the event, typically 0; A 2 is the maximum amplitude of the event/response), t 1 and t 2 are the time constants of the first (fast, rise phase) and second (slow, decay phase) exponential components and I ss is the steady-state current amplitude (typically zero). The parameters of spontaneous/excitatory PSC frequencies and amplitudes are normalized to corresponding values averaged over the control steady-state period. The summary data are expressed as means + s.e.m. (arbitrary units, percent of control) for n slices or presented as averaged values (over a specified period for each individual recording and mean for n recordings). The two-tailed Student's t-test was used for statistical comparison. Differences were considered statistically significant at the p , 0.05 level.
(c) Mechanical dissociation of rat hippocampal CA1 pyramidal neurons For mechanical dissociation, the hippocampal slices were transferred into a 35 mm culture dish with standard external solution and fixed by an anchor. The HEPES-buffered standard external solution contained (in mM): NaCl 145, KCl 5, CaCl 2 2, MgCl 2 1, HEPES 10 and D-glucose 10 ( pH 7.4, adjusted with NaOH). The region of interest was identified under a binocular microscope. A fire-polished glass rod horizontally vibrating at 60-100 Hz was put into contact with the tissue for 2 -5 min. The treated slice was then removed from the dish. Dissociated neurons were left to settle and adhere to the bottom of the dish for at least 10 min before electrophysiological measurements. 
(e) In vivo experiments
Rats were anaesthetized with 1.5 g * kg 21 urethane injected intraperitoneally. Skin and periosteum were removed from the skull. The dura was cut and removed. A burr hole 0.5 mm in diameter was drilled in the skull above the hippocampus. A wire electrode (50 mm in diameter; California Fine Wire, Grover Beach, CA, USA) for extracellular field potential (EFP) recordings was inserted into the application cannula (0.2 mm diameter, Plastic One, Roanoke, VA). The tip of the recording electrode was extended for approximately 100 mm from the cannula ending. The application cannula with recording electrode was positioned into the CA1 pyramidal cell layer of the hippocampus under stereotaxic and electrophysiological guidance (3.8 mm posterior, 2.5 mm lateral and 2.0 mm below dura). Reference and ground electrodes were implanted into the cerebellum. After stabilization of the signal (5 -10 min), EEG monitoring was conducted. Electrical signals were amplified (1000 times) with filter settings of 0.1-5000 Hz using a differential amplifier (A-M Systems, Carlsborg, WA, USA) and digitized at 10 kHz using an A/D converter (NI USB-6009, National Instruments, Austin, TX, USA). Offline analysis of the hippocampal electrogram was performed using Clampfit (Axon Instruments) and Origin 5.0 (Microcal Software, Northampton, MA, USA).
(f ) Extracellular field potential recordings and data analysis EFP recordings were obtained from the pyramidal layer of rat hippocampal CA1 and CA3 zones by using glass microelectrodes rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 371: 20150431 filled with ACSF (1-2 MV) . The signals were amplified by a bypass differential amplifier PC-501A (Warner Instruments, USA) and typically low-pass filtered with a corner frequency (23 dB) of 3 kHz and sampled at 3 kHz. All the experiments were started 10 -15 min after transferring slices into the recording chamber to allow equilibration of the temperature inside the slice. Epileptiform activity (EA), identified as changes to the control recordings of EFP, was induced by application of modified ACSF of the following composition (in millimolar): NaCl 125, KCl 3.5, CaCl 2 2.0, NaHCO 3 24, NaH 2 PO 4 1.25 and glucose 11 ( pH 7.35) (low Mg 2þ solution). Slices with a stable steady-state level of EFP in the control period were used for EA induction.
Recordings and pre-processing were made with WinWCP (University of Strathclyde, Glasgow, UK). Data were analysed using OriginLab 7.5 (OriginLab Corp., USA) software. Two-tailed Student's t-test was used for statistical comparison.
(g) Drugs
The following drugs were purchased: D-APV, from Sigma (St Louis, MO, USA); MK-801 maleate, from Tocris (Bristol, UK).
The drugs were stored as concentrated stock solutions at 2208C and dissolved in the extracellular solution just before the experiments.
Ethics. All the experiments were performed in accordance with the Guiding Principles for Care and Use of Animals in the Field of Physiological Sciences of the Physiological Society of Ukraine and approved by the local Animal Care ommittee of the Bogomoletz Institute of Physiology.
